Alfred Werner described the attributes of the primary and secondary coordination spheres in his development of coordination chemistry. To examine the effects of the secondary coordination sphere on coordination chemistry, a series of tripodal ligands containing differing numbers of hydrogen bond (H-bond) donors were used to examine the effects of H-bonds on Fe(II), Mn(II)-acetato, and Mn(III)-OH complexes. The ligands containing varying numbers of urea and amidate donors allowed for systematic changes in the secondary coordination spheres of the complexes. Two of the Fe(II) complexes that were isolated as their Bu 4 N + salts formed dimers in the solidstate as determined by X-ray diffraction methods, which correlates with the number of H-bonds present in the complexes (i.e., dimerization is favored as the number of H-bond donors increases). Electron paramagnetic resonance (EPR) studies suggested that the dimeric structures persist in acetonitrile. The Mn(II) complexes were all isolated as their acetato adducts. Furthermore, the synthesis of a rare Mn(III)-OH complex via dioxygen activation was achieved that contains a single intramolecular H-bond; its physical properties are discussed within the context of other Mn(III)-OH complexes.
Introduction
Alfred Werner described the primary and secondary coordination spheres in his development of modern inorganic chemistry for which he was awarded the 1913 Nobel prize in chemistry [1] . The primary coordination sphere is concerned with metal-ligand interactions which often govern molecular/electronic structure and reactivity. In the context of coordination chemistry, the secondary coordination sphere includes the microenvironment around a metal center and does not interact with metal centers through covalent bonds. Rather, the secondary coordination sphere is defined as interactions with ligands or other species within close proximity to the metal ion. The integration of these types of interactions within one molecular species is necessary to fully garner the capabilities of transition metal ions and provides many design challenges to modern inorganic chemists. In particular, the ability to control the secondary coordination sphere with non-covalent interactions has hindered progress in transition metal chemistry.
Several groups have been developing approaches whose aim it is to regulate both the primary and the secondary coordination sphere in synthetic transition metal complexes and proteins [2] . Our strategy involves the synthesis of complexes with intramolecular hydrogen bonds (H-bonds) [3] . The design of our ligands has been influenced by the structures found within the active sites of metal-loproteins that use H-bonds proximal to metal ions to control many aspects of biological coordination chemistry [4] . These aspects range from physical properties such as redox potentials to substrate specificity and activation of small molecules. We have developed a series of tripodal ligands that allows for the systematic variation in of the number of intramolecular H-bond donors while keeping the primary coordination sphere constant ( Fig. 1 ) [5] . These trianionic ligands utilize amidate/ureate groups that promote trigonal bipyramidal coordination geometry and provide H-bonding networks that can contain up to three intramolecular H-bonds. Previous studies have demonstrated how Hbonds affect the activation of dioxygen in cobalt(II) complexes and the physical properties in a series of Fe(III)-OH complexes [5] . In this report we examine the chemistry associated with a series of M(II) (M = Mn, Fe) complexes and present evidence that H-bonds can affect solution speciation. We further present the preparation and molecular structure of a new Mn(III)-OH complex and compare its structural properties to related complexes using this series of ligands.
Experimental details

General methods
All chemicals were purchased from commercial sources and used as received unless otherwise noted. Potassium hydride, dispersed in mineral oil, was filtered and washed at least five times with pentane and Et 2 O, dried on a vacuum line, and stored under an argon atmosphere. Ferrocenium tetrafluoroborate was synthesized as described by Geiger [6] . Solvents were purified using a JC Meyer Co. solvent purification system. All metal complexes were prepared in a Vacuum Atmospheres Co. dry box with an argon atmosphere. The ligands were prepared according to literature methods [5] . The K 2 [Mn II H 3 buea(κ 1 -OAc)] salt was prepared as described by literature methods [7] .
[K(18-crown-6)] 2 [Mn(II)H1(OAc)]-H 4 1 (100 mg, 0.28 mmol) was treated with KH (34 mg, 0.85 mmol) in 3 mL of DMA and allowed to stir until gas evolution ceased (~1 h). The foamy reaction mixture was treated with Mn(OAc) 2 (48 mg, 0.28 mmol) and allowed to stir for 2 h during which potassium acetate precipitated and was removed by filtration with a medium porosity glass fritted funnel. The filtrate was treated with 18-crown-6 (150 mg, 0.57 mmol) and stirred until completely dissolved. The solvent was removed under reduced pressure and the resulting white residue was treated with Et 2 O until a white precipitate persisted, which was then collected on a glass fritted funnel and dried for 1 h under vacuum to yield a free flowing white powder (232 mg, 71% 1 (0.050 mg, 0.14 mmol) was deprotonated with 4 equiv KH (23 mg, 0.57 mmol) in 3 mL of DMA and allowed to stir for 4 h. To the thick foamy suspension was added Mn(OAc) 2 (26 mg, 0.15 mmol) after which the reaction mixture was stirred for 30 min. H 2 O (2.5 μL, 0.14 mmol) was added and allowed to stir for 30 min. The mixture was filtered and the resulting DMA solution was allowed for slow vapor diffusion of Et 2 O yielding a white microcrystalline solid, which after several days was isolated on a fritted glass funnel and washed 3 × 3 mL MeCN, 3 × 5 mL Et 2 O (32 mg, 46% 
K[Mn(III)H1(OH)]-Method
A. H 4 1 (110 mg, 0.30 mmol) was dissolved in 3 mL of DMA and treated with KH (36 mg, 0.90 mmol) and the reaction mixture was allowed to stir. After 19 h the reaction mixture was treated with Mn(OAc) 2 (51 mg, 0.29 mmol) and stirred for an addition 1 h, after which the reaction was filtered to remove 1 equiv of KOAc (26 mg, 91%). The pale yellow filtrate was treated with O 2 (7.2 mL, 0.29 mmol, 298 K, 1 atm) causing an immediate color change to dark forest green, which slowly turned brownish green. After stirring for an additional 1 h the system was evacuated to remove excess O 2 and brought back into an anaerobic drybox. The solvent was removed under reduced pressure and the resulting residue was extracted with MeCN (1 mL) and DMA (1 mL) and passed through a fritted glass funnel to remove a second equiv of KOAc. The green filtrate was concentrated to less than 1 mL and Et 2 O was added to precipitate the salt, which was collected on a fritted glass funnel. A brown species was removed from the crude green solid by washing up to 3 × 0.5 mL DMA (or until washings did not have a brown color) leaving behind a teal green solid. The teal green solid was washed with Et 2 O and dried under reduced pressure for 1 h (23 mg, 16% yield). X-ray quality crystals were obtained by dissolving the teal green solid in ~2 mL of DMA and diffusing Et 2 O. FTIR (Nujol, cm −1 ) ν(OH) 3645; ν(NH) 3278, 3175; ν(CO) 1634, 1596, 1582, 1533. UV-Vis λ max (DMA or DMSO, nm (ε, M −1 cm −1 )) 420 nm (450) 
Physical methods
FTIR spectral data were collected using a Varian 800 FTIR Scimitar Series spectrometer. Absorption spectra were collected using a Cary 50 Scan UV-Vis spectrophotometer. Parallel-mode X-band electron paramagnetic resonance (EPR) spectra were collected using a Bruker EMX spectrometer equipped with an ER041XG microwave bridge, an ER4116DM dual-mode cavity, and an Oxford Instrument liquid He quartz cryostat. All EPR spectra were recorded at 10 K and unless otherwise stated EPR experiments were conducted using the following instrument parameters:modulation amplitude 9.02 G; power 0.64 mW. Electrospray mass spectra were collected using a Waters Micromass LCT Premier Mass Spectrometer.
Crystallography
Crystals were attached to a glass fiber and mounted under nitrogen on a Bruker SMART APEX CCD Single Crystal Diffraction System. Full hemisphere of diffracted intensities were measured for a single domain specimen using graphite-monochromated MoKα radiation (λ = 0.71073 Å). X-rays were provided by a fine-focus sealed X-ray tube operated at 50 kV and 30 mA. The structures were solved using direct methods and all stages of the weighted full-matrix least-square refinements were conducted using data.
Crystal data and refinement information for crystal structures can be found in Table 1 .
Results and discussion
Synthesis of the M(II) complexes
Preparation of the Mn II complexes was accomplished by deprotonation of the appropriate tripodal precursor with 3 equiv of KH in DMA to obtain the tri-anionic ligand, which was subsequently treated with Mn(II)(OAc) 2 . Purification of these Mn(II) complexes was facilitated by the precipitation of 1 equiv of KOAc (>90%) because this salt has limited solubility in DMA. The nearly quantitative isolation of only 1 equiv of KOAc suggested that the other equivalent of acetate is coordinated to the Mn(II) centers in each complex, as we have previously observed in [Mn(II)H 3 buea(κ 1 -OAc)] 2− [7] . The coordination mode is still unknown, but we propose that the acetate would also bind in a similar monodentate manner. We found that the Mn(II) complexes could be more readily purified as either their Me 4 N + or [(K ⊂ 18-crown-6)] + salts. Repeated attempts to grow single crystals of each salt that were suitable for X-ray diffraction analysis were unsuccessful. However, elemental and mass spectral data support the premise that one acetate remains bound to the manganese ion. 8, 9] . A striking feature of this complex is that the tripodal arm containing N4 does not interact with the same iron center as N1, N2, and N3. Rather, this remaining arm is splayed toward the second iron center, to which it coordinates through both N4 and O3 of the urea group. The Fe-N4 bond length of 2.041(1) Å is statistically different from the other Fe-N urea bond distances and the Fe-O3 bond distance of 2.388(1) Å is significantly longer. The N2-Fe-N4 and N3-Fe-N4 bond angles are ~122°, whereas N2-Fe-N3 bond angle is significantly shorter at 115.08(6)°. In addition, the O3-Fe-N1 bond angle is only 166.70(5)°. Taken together, these metrical results suggest the overall primary coordination sphere is best described as distorted trigonal bipyramidal and is supported by an index of trigonality parameter (τ) of 0.74 [10] .
The secondary coordination sphere is dominated by a H-bond network between O3 of the extended urea and the NH groups containing N5 and N6. Fig. 3 ) [11] . Note that in [Fe(II) H 2 buma(κ 2 -OAc)] 2− the acetate coordinates in a unsymmetrical manner and only one of its oxygen atoms is involved in H-bonding. (Fig. 4) [9, 12] . We have shown that the urea cavity formed by [H 3 buea] 3− has a strong propensity to form H-bonds, which we have used to prepare a variety of monomeric, five-coordinate hydroxo and oxo complexes. In the absence of an exogenous fifth ligand, it appears that the complex is capable of reorganizing to adopt a trigonal bipyramidal coordination that places a ligand (e.g., a mono-deprotonated urea group) that binds to the iron center and forms H-bonds. Another difference is the use of Bu 4 N + as the counterion instead of potassium ions as we have done in the past. It is not known how the change in counterion effects this type of chemistry-we have never been able to structurally characterized a potassium salt for a complex with [H 3 buea] 3− that does not have an exogenous ligand presence within the H-bonding cavity.
The structure of [Fe(II)H 2 2] 2 2− showed that this ligand can also form dimeric complexes in the absence of an exogenous ligand. However, we are unsure whether this type of coordination chemistry can be extended to other metal ions. As mentioned above, structural studies on K[CoH 2 2] revealed that all three arms of the tripod are coordinated to the same Co(II) center [5a] . In addition, we have structurally characterized K[Fe(II)0] and K[Co(II)0], and found that both complexes are monomeric with a trigonal monopyramidal coordination geometry [5a,8] .
EPR studies on the Fe(II) complex
We have investigated the solution speciation of these Fe(II) complexes using EPR spectroscopy. All the complexes are high spin with S = 2 spin ground states. Conventional perpendicular-mode X-band EPR spectroscopy was not helpful in this study because integer spin systems are typically not detectable. We have thus turned to parallel-mode (∥-mode) methods, which can be used to observe transitions from species within an S = 2 spin manifold. For the present study, we are using this method to qualitatively investigate these types of Fe(II) complexes.
The low temperature (4 K) ∥-mode EPR spectrum for a frozen DMA solution of K[Fe(II)0] displayed a relative broad feature at a g-value of 9.2 (Fig. 5) . Signals with similar g-values have been reported for other monomeric high-spin Fe(II) complexes [12b] . A slightly broader spectrum at g = 8.8 was obtained for a solid sample of this salt, suggesting that the electronic and molecular structures of the Fe(II) species in the solid-state and solution are similar. Because we have determined that [Fe(II)0] − is a monomer in the solid state, we propose that the complex remains monomeric in solution. In our own studies, we have used this signal as a reference for monomeric Fe(II) species to help probe the speciation of the other complexes in solution.
The ∥-mode EPR spectra for solid samples of [Bu 4 N] 2 [Fe(II)H 3 buea] 2 had a broad feature at g = 16 and a shoulder centered at g = 22 (Fig. 6A) , features that are assigned to the dimeric complexes identified by X-ray diffraction methods. also has a peak at g = 16 and shoulder at g = 9.0 (Fig. 6B) . Notice that the solid-state spectrum is comparable with features at gvalues of 21 and ~10.
Preparation of [Mn(III)H1(OH)] −
We have previously reported the preparation and structural characterization of K[Mn(III)H 3 buea(OH)] and K[Mn(III)0(OH)] and found that the anions of each salt were monomeric with trigonal bipyramidal coordination geometry [7,12b,13] 
Molecular structure of K[Mn(III)H1(OH)]
Crystals suitable for diffraction were obtained for K[Mn(III)-H1(OH)] and its structure was solved using X-ray diffraction methods (Fig. 6 ). Selected bond distances and angles are listed in Table 3 . The manganese center has trigonal bipyramidal coordination geometry (τ = 0.94) 3 with the trigonal plane being defined by the deprotonated nitrogen atoms N2, N3, and N4. The average N-Mn1-N angle within the trigonal plane is 117.1(3)°, which agrees with the average bond angles of 117.3(1)° and 118.2(1)° found for K [Mn(III) 
Conclusion
We presented results on the properties of Mn(II) [14] . However, the presence of the acetato ligand appears to reinforce the cavity structure so that all arms of the tripod bind to a single metal ion. In the absence of an exogenous ligand, as was observed in the iron complexes, two of the complexes with urea groups formed dimers. The series of metal complexes with varying number of intramolecular H-bond donors used in this study. Thermal ellipsoid diagram for the molecular structure of [Fe(II)H 3 buea] 2 2− . Only the urea hydrogen atoms are shown for clarity. Thermal ellipsoids are drawn at the 50% probability level. Thermal ellipsoid diagram for the molecular structure of [Fe(II)H 2 2] 2 2− . Only the urea hydrogen atoms are shown for clarity. Thermal ellipsoids are drawn at the 50% probability level. Thermal ellipsoid diagram for the molecular structure of [Mn(III)H1(OH)] − . Only the urea, hydroxo, and methine hydrogen atoms are shown for clarity. Thermal ellipsoids are drawn at the 50% probability level. 
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